Previously, the reactions of three µ-η 2 :η 2 -disulfidodicopper(II) complexes with N-alkylated cis,cis-1,3,5-triaminocyclohexane derivatives, [Cu 2 (S 2 )(R 3 TACH)]X 2 [(R, X) = (Et, CF 3 SO 3 ) (1), (iBu, SbF 6 ) (2), and (Bn, SbF 6 ) (3)], with PPh 3 and BnBr were reported. In order to clarify the relationship between the structures and reactivities, DFT calculations of the two complexes with bent and planar Cu 2 S 2 structures have been performed, and the bond orders around the metals and atomic charges on Cu and S atoms have been estimated. The electron density is localized on Cu and S atoms when the dihedral angle (δ) is decreased; 1.137 and −0.470 for the bent type structure (δ = 156.67 ˚) and 1.107 and −0.450 for the planar one (δ = 175.56 ˚), respectively. The reactivity of disulfidodicopper(II) complexes against PPh 3 has been explained to depend upon the electrophilicity of Cu atoms and the nucleophilicity of S atoms, which are raised up by bending of two CuS 2 planes. These findings show that the disulfides of 1, 2, and 3 are electrophilic against exogenous substrates.
INTRODUCTION
Metal-sulfur complexes are found in several biological and industrial places, such as active sites of metalloproteins, desulfurization catalysts, and inorganic functional materials [1] [2] [3] . For example, nitrous oxide reductase (N 2 OR), a copper-containing enzyme, has the Cu A and Cu Z active centers [4] [5] [6] [7] [8] [9] [10] , where the Cu A center contains two copper atoms bridged by two sulfur atoms of two cysteines and acts as an electron transfer site, and the Cu Z center functions as a catalytic site. The Cu Z center showed a particularly novel structure of [(His) 7 Cu 4 S] cluster containing four copper atoms bridged by sulfide. This structure is the first example that includes an inorganic sulfide as part of a multicopper cluster in a biological system.
Copper-sulfur chemistry has in part been inspired by the occurrence of N 2 OR, and the reactivities of some disulfidodicopper(II) complexes with bi-, tri-, and tetradentate ligands have been reported [11] [12] [13] [14] [15] .
However, the structure-reactivity relationship of disulfidodicopper(II) complexes has not yet been explained in detail.
Recently, we synthesized three new µ-η 2 :η 2 -disulfidodicopper(II) complexes with N-alkylated cis,cis-1,3,5-triaminocyclohexane derivatives (R 3 TACH), [Cu 2 (S 2 )-(R 3 TACH)2]X 2 {(R, X) = (Et, CF 3 SO 3 ) (1), (iBu, SbF 6 ) (2), and (Bn, SbF 6 ) (3)} (Chart 1), which were characterized in detail by elemental, electrochemical, and X-ray structure analyses, and electronic absorption, IR, ESI mass, and resonance Raman spectroscopic methods. Furthermore, we have proposed that their reactivities with PPh 3 (triphenylphosphine) are related to the dihedral angles (δ) of two planes defined by the CuS 2 plane (Chart 2) [16] . In this report, the DFT calculations were performed for the two complexes with bent and planar Cu 2 S 2 structures to elucidate their structure-reactivity relationship. 2+ except for the ethyl groups that were replaced with H atoms (N−H = 0.95 Å). It contains two independent molecules with different dihedral angles (δ) of two CuS 2 planes in the unit cell; bent type-(δ = 156.67 ˚) and the planar-type structures (δ = 175.56 ˚). Natural population analysis was carried out in the frame of the DFT method with the Becke's three-parameter hybrid functional using the Lee-Yang-Parr correction functional (B3LYP) [17] . We performed broken-spin-symmetry DFT calculations for them in the S = 0 state. The basis sets are 6-311G augmented by two p-type polarization functions for Cu [18] , 6-31+G(d) for S [19] and N and 6-31G(d) for C and H [20] .
RESULTS AND DISCUSSION 3.1 Theoretical Results
To understand the relationship between the dihedral angles of the two planes and the reactivities of complexes 1, 2, and 3, single-point DFT calculations were performed for two model compounds of
2+ which are two independent structures, bent and planar ones, found in the crystal structure of 1 (Fig. 1) .
Wiberg bond indices (abbrev. bond order), atomic charges, and atomic spin densities of model compounds of [Cu 2 (S 2 )(H 3 TACH) 2 ] 2+ were obtained from natural population analysis. The Cu−S and S−S bond orders, the atomic charges on Cu and S atoms, and the atomic spin densities are listed in Tables I, II and III, respectively. The average Cu−S and Cu−N bond orders were estimated to be 0.315 and 0.158 for the bent structure and 0.333 and 0.155 for the planar one, respectively. Both the bent and planar structures showed larger Cu−S bond orders than the Cu−N bonds. This result shows that the S 3p orbitals are larger than the N 2s/p hybrid orbital's that are involved in the Cu−S bonds [21] . The S−S bond orders were estimated to be 1.015 and 1.044 for the bent and planar structures, respectively. These findings suggest that the Cu−S bond strength is reflected to the S−S ones; the more Cu−S bond is strengthened, the more S−S bond is weakened.
The average atomic charges on Cu and S were estimated to be 1.137 and −0.470 for the bent structure and 1.106 and −0.449 for planar one, respectively. The electric charges on Cu and S atoms for the bent structure are more positively and negatively localized in comparison with the planar one, respectively. The spin densities on the Cu(1), Cu(2), S(1), and S(2) atoms were estimated to be 0.317, −0.317, 0.003, and −0.002 for the bent structure, and 0.176, −0.176, 0.000, and 0.000 for planar one, respectively. As is apparent from the results, there are no spin densities on S atoms. The spin densities on Cu atoms are remarkably smaller in comparison with the formal ones (±1), and there are few spin densities on the other atoms coordinating to the Cu centers. α-and β-spin densities are delocalized over the Cu 2 S 2 core and are effectively cancelled out on the two S atoms [22] . Solomon complexes in the end-on (trans-µ-1,2-type) and side-on disulfide types (µ-η 2 :η 2 -type), and described that the Cu−S and S−S bond orders for the end-on isomer are larger and smaller, respectively, than the side-on isomer. This is because the electron densities for the end-on Cu 2 S 2 core are localized on each atom [21] . This behavior is similar to that found in the bent structure that is related to the side-on isomer with out-of-plane distortion. It arises from that the bending reduces overlap between the Cu 3d x2-y2 orbital and the disulfide in-plane 3d x2-y2 orbital and decreases electron donation from the disulfide in-plane π* orbital to the Cu 3d x2-y2 orbital. This leads to an increase of the occupancy of the disulfide in-plane π* orbital and a decrease of the S−S bonding character.
The increase in the Lewis acidity on Cu atoms was evidenced from the electrochemical properties of 1, 2, and 3. That is, the dihedral angle of bending increased in the order of 3 (δ = 180 ˚) < 1 (δ = av. 166.12 ˚) < 2 (δ = 154.74 ˚), whose reduction potentials in DMF shifted to negative region in the order of 3 (−928 mV vs. Pc/Pc + ) < 1 (−946 mV vs. Pc/Pc + ) < 2 (−976 mV vs. Pc/Pc + ). As was described previously, the nucleophilic reaction from PPh 3 to S=PPh 3 by these complexes proceeded efficiently in the order of 3 (50 ± 2 % yield) < 1 (65 ± 3.5 %) < 2 (76 ± 1 %). The order agrees well with that of the bending magnitude; the complex with a larger bending showed a higher reactivity in comparison with those with a planar geometry. Recently, Tolman et al. has reported that the strong electron donor ability of ligands results in strong Cu−S interaction to induce a weak S−S bond and to promote the reactivity of S atoms [12] . This behavior has also been seen in our system experimentally and theoretically. However, we can propose here that the S−S bond is activated by the bending of Cu 2 S 2 core as well as the donation ability of S ligands.
CONCLUSION
In order to understand the relationship between the reactivities with PPh 3 and the dihedral angles of two CuS 2 planes, we performed DFT calculations on two types of µ-η 2 :η 2 -disulfidodicopper complexes with a bent-and planar-type structures.
The calculation results demonstrated that the reactivities of disulfidodicopper(II) complexes are raised up with increases in the electrophilicity of Cu atoms and in the nucleophilicity on S atoms that were induced by the localization of electric charges due to the bending. the Cu 2 S 2 core, which was estimated for the two types of disulfidodicopper(II) complexes in the S = 0 state, was not observed for those in the S = 1 state. Atomic spin densities of the bent isomer in the S = 1 state are 0.452, 0.469, 0.407, and 0.408 for Cu(1), Cu(2), S(1), and S(2), respectively, and those of the planar isomer are 0.421, These results indicate that the spin delocalization found in the planar Cu 2 S 2 system is larger than that in the bent core.
